This paper examines the possibilities for domestic bioenergy production in Taiwan utilizing set-aside land. Three bioenergy alternatives are examined-pyrolysis-based electricity, conventional bioelectricity and bioethanol. We examine the comparative economics and choice among these alternatives under current Taiwanese agricultural system policies and also under altered energy and greenhouse gas / carbon prices. Biochar, produced from pyrolysis, is also examined in terms of whether it is best used as an energy source and/or a soil amendment. The studies concern the total economic, environmental, agricultural and energy security effects across the bioenergy production alternatives. The study employs a Taiwanese Agricultural Sector Model (TASM) to simulate the effects of the alternatives in the face of energy and greenhouse gases prices. The TASM is based on price endogenous mathematical programming and includes more than 85 percent of Taiwan' s total agricultural product value. The current version of TASM accommodates more than 110 commodities in 15 subregions aggregated into 4 major production and processing regions. To do this simulation the TASM model was extended to include additional bioenergy production possibilities and GHG accounting. Results show that bioethanol production is chosen under current conditions but that this is replaced by pyrolysis-based electricity when the GHG price is high. We also find that when biochar is hauled back to the rice fields, GHG emission reduction is higher than when biochar is burned for electricity; however, national electricity production is consequently higher when biochar is burned. Thus the choice among these alternatives depends on energy prices versus GHG prices. The results also indicate that pyrolysis-based electricity can provide up to 1.84% of Taiwan' s annual electricity demand and offset up to 0.53% of Taiwan' s annual GHG emissions.
Introduction
Taiwan is interested in producing renewable energy for domestic use and reducing the reliance of imported fuels. More than 99% of fossil fuels are imported and this makes Taiwan extremely vulnerable to disruptions and high energy prices. As Taiwan has some idled cropland resultant from policies arising from their participation in the World Trade Organization (WTO), there is potential for Taiwan to begin producing bioenergy by utilizing this set aside land. In order to develop bioenergy production capability and make decisions on associated agricultural policies, however, information on choices of bioenergy crops, types of bioenergy produced, changes in welfare and GHG contribution must be provided to Taiwan. Biomass can be used in at least three ways to provide energy:
 by direct combustion to provide heat for use in electricity generation;
 by chemical transformation to provide liquid fuels for combustion or transportation; and  by pyrolysis to provide a liquid fuel that can substitute for fuel oil in any static heating or electricity generation application. The liquid can also possibly be upgraded to produce a range of liquid fuels and specialty and commodity chemicals although we will not consider that herein.
Based on the available bioenergy techniques, Taiwan can produce bioenergy in the forms of ethanol, directly combustion biopower and biopower through pyrolysis. As these three technologies are not mutually exclusive, they can be employed at the same time and therefore it is necessary for us to consider all combinations. Pyrolysis involves heating biomass in the absence of oxygen and results in the decomposition of biomass into bio-oil, bio-gas and biochar. In this study, two types of pyrolysis techniques and two uses of biochar, a byproduct of pyrolysis, are incorporated.
Bioenergy enhances Taiwan' s energy security while it also has a contribution to the world by mitigating the Greenhouse Effect. Climate change is one of the most important challenges facing the modern world. Increasing temperature trends have now been unequivocally observed and are occurring at an unprecedented rate (IPCC 2007) .
Carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) are important drivers of the anthropogenic greenhouse effect, all of which are released both through the burning of fossil and biomass fuels as well as through agricultural activity. Rising ocean level is another concern of Taiwan because Taiwan is an island on the Pacific and is threatened by the higher ocean level. To mitigate global climate change, renewable energy is of growing importance in satisfying environmental concerns over fossil fuel usage and its contribution to climate change. Wood, grasses and other forms of biomass are one of the main renewable energy resources available. Bioenergy such as bioethanol, biodiesel and biopower are currently encouraged and produced in the United States and Europe.
However, liquid forms of bioenergy are under some criticism that, in certain cases, they generate more GHG emissions than they offset.
Another technology that can be employed is pyrolysis. Biochar, as one of the byproducts from pyrolysis, has been shown to improve agricultural productivity and the environment in several ways, is stable in the soil (Lehman et al., 2003) and has nutrientretention properties that lead to increases in crop yields (Chan et al., 2007) . In addition, biochar offers a chance to sequester carbon (Lehmann, 2007) . As pyrolysis can provide bioenergy and offset more GHG emissions, it is a potential bioenergy technique that Taiwan may be interested in. Kung (2010a) explored the Taiwanese bioenergy production potential in the forms of ethanol and electricity and Kung (2010b) studies the bioenergy production potential and GHG mitigation potential from pyrolysis. This study unifies the first two and examines that how Taiwanese bioenergy production may be affected when all three bioenergy techniques become available alternatives.
In this study, we first examine the economics of energy production and GHG emissions reduction under fast and slow pyrolysis. Then we will examine all three production alternatives while the bio-oil and bio-gas from these two pyrolysis systems are used to generate electricity, while the biochar is either burned in the plant or hauled back to the agricultural cropland. This study makes a contribution as it provides additional information on Taiwan' s ethanol, biopower and pyrolysis production and helps Taiwan to determine, when facing multiple bioenergy options, which bioenergy technology may help achieve the objectives of energy security and GHG mitigation.
Literature Review
Fast pyrolysis is a thermal decomposition process that occurs at moderate temperatures with a high heat transfer rate to the biomass particles and a short hot vapor residence time in the reaction zone. The rate of and extent of decomposition of biomass depends on the process parameters of pyrolysis temperature, biomass heating rate and pressure (USDOE, 2005; Bridgwater, 2005) . Several reactor configurations have been shown to assure this condition and to achieve yields of liquid product as high as 75% based on the starting dry biomass weight (Ringer et al., 2006 , Wright et al., 2008 . According to the report of USDOE (2005) , in the 1990s several fast pyrolysis technologies reached nearcommercial status, and the largest pyrolysis plant, which can process 50 tons of biofeedstock per day, was operated by Red Arrow Product Co., Inc. in Wisconsin. Finland, Canada, and the Netherlands also have smaller capacity pyrolysis plants. In general, slow pyrolysis yields more biochar and less bio-oil than fast pyrolysis. Wright et al. (2008) indicate fast pyrolysis yields about 15% biochar, 70% bio-oil and 13% bio-gas while Ringer et al. (2006) indicate that under slow pyrolysis about 35% of the feedstock carbon ends up as biochar, 30% as bio-oil and 35% as bio-gas. However, the yields and properties of the generated liquid product, bio-oil, depend on the feedstock, the process type and conditions, and the product collection efficiency (USDOE, 2005) . For example, Bridgwater and Peacocke (2002) showed that if Aspen poplar is fed in pyrolysis, the yields of bio-oil, bio-gas and bio-char are 66%, 13% and 14% respectively. Radlein (2007) shows that bark yields more biochar than bagasse or wheat straw, but bagasse yields relatively more bio-oil than bark or wheat straw.
Land application of biochar is not a new concept. Sombroek (2003) shows that in the Amazon Basin, soil has received large amounts of charred materials and Erickson (2003) shows that these biochar applications were most likely a result of both habitation activities and deliberate soil application by native populations before the arrival of Europeans. Biochar has the potential to improve nutrient retention. Deluca et al. (2009) presents a potential mechanism for how biochar modifies nutrient transformations. Chan et al. (2007) showed if N fertilizer was not added, biochar application did not increase the yield of radishes even with 100 tons per ha biochar rate. They find, however, if biochar and N fertilizer are applied together, the biochar/nitrogen fertilizer interaction is significant and biochar can improve the N fertilizer use efficiency of the plant. Crops that have been studied included maize, soybeans, Sugi trees, Bauhinia trees, peas, cowpeas and Mung beans. Throughout these studies, we see there is no consensus on how much biochar should be applied. In these studies, biochar was applied ranging from 0.5 to 135 tons per hectare and most of these applications result in the increase of crop yields except for Kishimoto & Sugiura (1985) with a 5 and 15 tons per hectare application of volcanic ash on soybean fields.
In terms of GHG offsets, the precise duration of biochar' s storage time is important because of the permanence concern. That is, if biochar decomposes very soon, the carbon the biochar can recycle from the atmosphere may not be significant.
Fortunately, Lehmann et al. (2006) shows that biochar is a relatively stable form of C and can stay in the soil from several hundred to several thousand years. When converting biomass C to biochar C, it leads to sequestration of about 50% of the initial C compared to the low amounts retained after burning (3%) and biological decomposition (less than 10-20% after 5-10 years). Lehmann et al. (2006) also calculates that the carbon dioxide emission offset can be 12-84% greater if biochar is put back into the soil instead of being burned to offset fossil fuel use. McCarl et al. (2009) shows that pyrolysis can have offset efficiencies greater than 100% when compared with the emissions of the fossil fuel inputs that are replaced.
Study Setup
In this study, sweet potato, poplar, willow and switchgrass will be examined as potential pyrolysis feedstocks. Bio-oil and bio-gas from fast and slow pyrolysis are used for electricity generation. For biochar, we have two alternatives. First, biochar is burned to provide electricity. Second, we apply biochar to cropland and obtain agricultural benefits (i.e. higher crop yields etc.). Table 1 shows the pyrolysis outputs for poplar and sweet potato. Note the biochar/biooil/biogas yields for willow and switchgrass are assumed to be the same as poplar and the yield for sweet potato is assumed to be the same as corn stover from 
Outputs from Pyrolysis

Electricity Produced from Pyrolysis
In Table 2 we provide information about the electricity generated from a ton of feedstock.
However, electricity generated in Table 2 is only from the use of bio-oil and bio-gas. In the first part of our study, which addresses the burning biochar, we need to compute the electricity generated from biochar. The lower heating value per kg of biochar is taken as Adding bio-oil, bio-gas and biochar together, the electricity generated from biomass through pyrolysis is shown in Table 3 . In addition, we also assume that electricity produced by willow and switchgrass are the same as poplar. 
GHG Offsets from Pyrolysis
In Table 4 , we show the net GHG emission offsets from burning bio-oil, bio-gas and biochar. We need to modify the amount of GHG offsets from McCarl et al. (2009) as used in section 3 because when burning biochar, the biochar is used to provide energy and not hauled back to the farm. For this reason, we ignore the GHG emission from transporting biochar to the field, the reductions from reduced fertilizer application and the sequestration enhancement from biochar, but we need to add in the GHG emission offset from burning biochar in the pyrolysis plant as it displaces fossil fuels. 
Location of Pyrolysis Plant
Before we can calculate the hauling distance from the pyrolysis plant, we need to determine where the pyrolysis plant will be built. We also assume that farmers purchase biochar directly from the plant. Based on the information available, labor and land are relatively cheaper in south Taiwan than in other areas. We assume that the pyrolysis plant locates in Chiayi and distributes biochar to other subregions. Since biochar is flammable, we increase the fixed cost by 50% and calculate the hauling distance from Chiayi to other counties. We assume that the average biochar hauling distance is within 10 km of Chiayi and increases an additional 25 km to transport biochar to another county. For example, average hauling distance within Chiayi is 10 km, and it increases to 35 km to transport biochar to Yunlin and 60 km to Changhua. The longest hauling distance is from Chiayi to Ilan and is assumed to be 210 km.
Biochar Effects on Cropland
Biochar has impacts on soils when used as a soil amendment. In terms of water holding capacity, Tryon (1948) shows that charcoal added to sandy soil can enhance the soil' s available moisture and Glaser et al. (2002) show that soil water retention increased by 18% after biochar application. For this reason, we assume that, with biochar application, irrigation water savings can reach 10%. In terms of crop yield enhancement, Lehmann (2007) shows that biochar increases the plants available nutrients in the soil thus offering the possibility of improving crop yields. This is due to that the biochar' s enhancement of the ability of soils to retain cations in an exchangeable and thus plant-available form, which is also called CEC. Crop yield increases have been shown in other studies (Iswaran et al., 1980; Kishimoto & Sugiura, 1985; Chidumayo, 1994; Glaser et al., 2002; and Oguntunde et al., 2004; Steiner et al., 2007) and the increases ranged from 44% to 249%
for different crops and biochar application rates.
Nehls (2002) also shows that with a 7.9 tons ha -1 of biochar application, rice yield would increase from 115% to 320%. To be conservative, we then assume that rice yield will increase by 5% in this study. In terms of seed and nutrient savings, the application of biochar increases the efficiency of nutrients by a higher uptake/leach ratio (Steiner et al., 2007) . Lehmann et al. (2003) also presents that biochar application would lead to a reduction of N leaching by 60 percent with an accompanying 20% savings in fertilizer and 10% savings in seeds. Several studies find that biochar can improve seed germination rate; however, they did not indicate how many seeds are actually saved (Chan et al., 2007; Free et al., 2010) . We assume that the seed and nutrient savings are based on Lehmann et al.' s 2003 study.
Results
We first present the results when pyrolysis is the only option and then present the results when ethanol, biopower and pyrolysis are competing with each other. Table 5 shows the result of burning bio-oil, bio-gas and biochar in the pyrolysis plant. It shows that slow pyrolysis produces more electricity than fast pyrolysis. Fast pyrolysis provides a quantity of electricity equivalent to 1.70% to 1.84% of Taiwan' s electricity demand and slow pyrolysis provides 1.74% to 1.88%. Electricity produced from pyrolysis is higher than the biopower results in Kung (2010a) , which provides 0.157% of electricity. In either fast or slow pyrolysis, sweet potatoes obviously dominate other bioenergy crops. In fast pyrolysis, poplar planted area decreases from about 7,500 hectares to 2,690 hectares when GHG price and coal price increase while sweet potato planted area increases from 109,790 hectares to 126,030 hectares when these prices increase.
Results of Pyrolysis Only
Poplar, willow and switchgrass are less competitive than sweet potato, a consequence of their relatively low yield. Sweet potato, on average, yields 57.98 tons per ha per year and is much higher than the yields of poplar, willow and switchgrass. For this reason, even though wood-based pyrolysis yields more electricity on a per ton feedstock basis, their lesser yields per ha make them less competitive. We also see that poplar enters into the bioenergy production when pyrolysis is the only choice while switchgrass is produced and processed in the ethanol/electricity study of Kung (2010a) . The reason that poplar replaces switchgrass in this study is based on our yield assumption. In Kung (2010a), poplar, willow and switchgrass have different ethanol/electricity conversion rates and thus have different GHG offset rates. However, in the pyrolysis study, electricity production and GHG offsets for willow and switchgrass are assumed to be the same as poplar and these three bioenergy crops only differ in their crop yield and production costs. Sweet potato used in slow pyrolysis yields more electricity than in fast pyrolysis while poplar, willow and switchgrass used in slow pyrolysis yield less electricity than in fast pyrolysis. This makes wood-based pyrolysis even less competitive and only sweet potatoes are produced in slow pyrolysis scenarios. Table 6 shows the results when bio-oil and bio-gas are used for electricity generation and biochar is used as a soil amendment. In terms of electricity generation, fast pyrolysis produces about 3.5 times more electricity than slow pyrolysis and satisfies 1.602%-1.647% of annual electricity demand. Slow pyrolysis produces relatively less electricity and only provides about 0.429% to 0.496% of electricity demand. However, slow pyrolysis offsets more carbon dioxide than fast pyrolysis as biochar is able to store carbon in a more stable form. More biochar means more carbon is kept in the soil and, therefore, net GHG emission offsets from slow pyrolysis are higher, even with lower electricity production. When coal price increases from NT$1.7 per kg to NT$3.45, the electricity produced generally increases and more set-aside land is converted to grow bioenergy crops. However, we find that in slow pyrolysis, as GHG price increases from NT$300 to NT$500, net GHG emission offsets increase but electricity production decreases. This is because on a per hectare basis, sweet potato-based pyrolysis offsets more GHGs and farmers plant more sweet potatoes and less poplar, despite the result that poplar-based pyrolysis provides more electricity.
In this study, poplar dominates willow and switchgrass when pyrolysis technology is chosen. This may be explained by the original assumption that poplar, willow and switchgrass yield exactly the same amount of bio-oil, bio-gas and biochar, and thus the same GHG offset ratio. This assumption may be adjusted after some studies on the pyrolysis output yields and the net GHG offset of willow and switchgrass are compared.
The results also indicate a high GHG emissions offset on a per hectare basis and, on average, slow pyrolysis offsets more GHGs than fast pyrolysis. This high offset ratio is primarily due to the high crop yield of sweet potatoes. Annual GHG emissions reduction from pyrolysis is from 2.34 to 3.25 million tons under fast and slow pyrolysis respectively. Compared to the about 0.06% of total GHG emissions reduction reported in Kung (2010a) , pyrolysis can offset GHG emissions up to 0.72% of annual emissions, using the estimated 443 million tons of CO 2 e in 2005. As slow pyrolysis yields more biochar, biochar can be applied on more hectares as more sweet potatoes are planted and sent to the pyrolysis plant. We also find the hectares that receive biochar in different counties under fast and slow pyrolysis would be different. Amounts of biochar produced in the fast pyrolysis process are less than that in the slow pyrolysis process. On average, about 25,500
hectares of rice fields receive biochar as a soil amendment. Interestingly, Chiayi, the county where we assume the pyrolysis plant is built, does not receive biochar for its cropland; instead, biochar is transported to counties that are further away. This indicates that benefits in terms of cost savings, and yield increases of rice fields in Chiayi is lower than the benefits obtained in Changhua, Pingtung and Ilan. As slow pyrolysis produces more biochar, more hectares in more counties receive biochar. But we see most of the counties that receive biochar are located in southern and central Taiwan, where rice yields are higher, input costs are lower and transportation costs are lower.
Results of Ethanol, Biopower and Pyrolysis
Production of ethanol and biopower is affected by the existence of pyrolysis as they are competing with the same land and bioenergy feedstocks. Therefore, it is expected that bioenergy production in the forms of ethanol and biopower will change when pyrolysis is an alternative. This subsection presents the results of including all three alternatives (ethanol, biopower, and pyrolysis). is burned in the pyrolysis plant. Basically, ethanol production decreases when GHG prices rise. When GHG price keeps rising, ethanol production at a lower ethanol price decreases faster than at a higher ethanol price. If the ethanol price is NT$40, ethanol production does not decrease so much even with the high GHG price. Higher ethanol price means more ethanol production, but the amount of ethanol produced is not able to fulfill Taiwan' s E3 ethanol demand. As we face higher GHG price, ethanol production shrinks due to the competition of biopower and pyrolysis, which offset more GHG emissions. A similar situation occurs when biochar is applied in the rice fields (Figure 2 ).
However, when biochar is applied the net GHG offset is a little bit higher than that of burning biochar. The higher GHG contribution of using biochar as a soil amendment leads to a bigger decrease of ethanol production, mainly due to the lower GHG emissions contribution of ethanol. When ethanol price is low, a reduction of ethanol production is more obvious.
We also find that when biochar is burned for electricity generation, that ethanol production is higher than when biochar is used as a soil amendment. This can be explained by that when biochar is used as a soil amendment, it sequesters more GHG and thus, as GHG prices rise, more sweet potatoes are sent to the pyrolysis plant. Therefore, fewer sweet potatoes are used to produce ethanol and this situation expands as GHG price increases. Because of the GHG offset ability, bioenergy production shifts to pyrolysisbased electricity when GHG price increases but when ethanol price is high, ethanol production does not reduce that much facing high GHG prices. is simultaneously considered as an energy production alternative, traditional electricity production is reduced to a very low amount and most of the electricity is produced from pyrolysis because a ton of biofeedstock generates a higher amount of electricity in pyrolysis. In addition, we find that electricity production is higher when biochar is used as an energy source. In the burning biochar case, about 1.79% of electricity demand can be satisfied from pyrolysis at high GHG and coal prices and this percentage reduces to about 0.35% when the GHG price is low and ethanol price is high. If we hold the ethanol price constant, GHG price increases leads to an expansion of pyrolysis-based electricity.
We also find that when biochar is applied in the rice fields, bioelectricity provides about 1.24% of electricity demand when GHG price reaches NT$30 per ton of CO 2 .When GHG price is low, the difference of electricity production between the uses of biochar is not significant. This may be explained as follows: when GHG price is low, ethanol production remains high and there is less room for electricity production. Coal prices affect electricity production. We find that when coal price doubles, the electricity production increases for burning biochar and applying biochar as a soil amendment also increases.
Moreover, we can see that when biochar is burned, electricity production increases more than when biochar is put back into the rice fields. This is likely because burning biochar directly provides more valuable products (electricity) when coal price rises. As pyrolysis-based electricity also offers significant amounts of GHG offsets relative to the ethanol and coal-fired electricity production, GHG price changes have bigger impacts on expansion of pyrolysis-based electricity production.
We also find that when GHG price and ethanol price are low but coal price is high, fast pyrolysis dominates slow pyrolysis because fast pyrolysis produces more electricity.
However, when GHG price increases, biochar becomes more valuable. Because slow pyrolysis produces more biochar, it dominates fast pyrolysis when we face higher GHG Figure 4. Electricity production under varying carbon prices when biochar is applied
Conclusions
This study examines two ways that pyrolysis can join into bioenergy production. Taiwan faces a situation that more than 99.3% of energy is imported and the country may be willing to utilize set aside land to produce clean and renewable energy to satisfy part of domestic energy demand while also making a contribution to global climate mitigation.
While pyrolysis produces bio-oil, bio-gas and biochar that can be burned to provide energy and displace fossil fuels, biochar can be used as a soil amendment that enhances crop yields, reduces fertilizer and irrigation costs and stores carbon in a more stable form.
Therefore, the alternative uses of biochar are examined in this study.
When biochar is burned with bio-oil and bio-gas in the pyrolysis plant, pyrolysis provides 1.7%-1.84% of Taiwan' s annual electricity demand and offsets up to 0.53% of Taiwan' s annual GHG emissions. Biochar used as a soil amendment generally reduces the electricity output but enhances the total GHG offset. More than 0.72% of total GHG emissions can be offset from pyrolysis when biochar is hauled back to the cropland, but total electricity production reduces to 0.44% of total energy demand. There is a tradeoff of energy production and GHG offsets between burning and hauling biochar. To increase energy security, Taiwan may want to adopt pyrolysis to generate more electricity and reduce GHG emissions. In this study, most of the biochar is applied in the southern and central counties of Taiwan. This is because, in those areas, rice yields are generally higher Extensions of the bioenergy study are also presented in the later part of this section. We examined the situation when pyrolysis is competing with ethanol and coalfired electricity. We find that when GHG price is high, ethanol is driven out by pyrolysisbased electricity. When biochar is burned, the value of the electricity provided is greater than that of hauling biochar back to the rice fields. However, in terms of GHG emission reduction, using biochar as a soil amendment offsets more GHG emissions and reduces
Taiwan' s total emissions by about 0.57% while burning biochar offsets about 0.48% of annual emissions.
